A semi-analytical model considering effects of slippage and pressure sensitivity was presented to investigate pressure transient behaviour for fractured gas wells. The numerical convolution method was employed to solve gas nonlinear flow problems. Calculative results showed that in radial flow period the pressure derivative curve showed 0.5 constant under no slippage and no pressure sensitive effects, showed 0.3 constant with slippage effects under no pressure sensitivity, and upturned with pressure sensitivity under no slippage effects. The results also showed that a bigger pressure-sensitive coefficient γ D would cause bigger pressure depletion in late time. The existence of the slippage will cause smaller pressure depletion because it makes the permeability become bigger. So the slippage effect is positive and helps production. Effects of parameters on pore pressure behaviour were also discussed in detail. It is necessary to coordinate these parameters so as to reduce the pressure depletion.
Introduction
Nowadays, type of gas reservoirs is extremely complex in China, mainly including 1 low-permeability sandstone gas reservoirs 2 unconsolidated sandstone gas reservoirs 3 carbonate gas reservoirs 4 volcanic gas reservoirs 5 ultra-high-pressure gas reservoirs 6 deep gas reservoirs with high sulphur content.
The sandstone gas reservoirs account for 37% of total reserves of natural gas in China (Li, 2010) which is playing an increasingly important role in terms of energy supply.
Experimental studies (Vairogs et al., 1971; Jones, 1975; Jones and Owens, 1980; Ostensen, 1986; Davies and Davies, 2001; Holditch, 2006) have indicated that during the process of gas development, as pore pressure drops, effective stress (difference of overburden rock pressure and pore pressure) increases, causing the rock to plastic changes and reduction in the permeability, furthermore affecting the ability of underground seepage so that affecting the gas production. The permeability which can't keep constant is known as pressure-sensitive permeability, which is a nonlinear function of pore pressure. In addition, due to abnormal tiny throat in low permeability gas reservoirs, big seepage resistance will lead to big pressure drop with serious formation damage which is possibly caused by physic-chemical, chemical, biological, hydrodynamic, and thermal interactions of porous formation, particles, and fluids and mechanical deformation of formation under stress and fluid shear (Civan, 2010) , however, mechanical deformation of formation under stress and fluid shear is mainly considered into this article. Therefore, the pressure-sensitive effect must be considered into the development of low permeability sandstone gas reservoirs. A number of articles have reported this phenomenon and established many mathematical models (Raghavan et al., 1972; Cinco-Ley, 1980, 1989; Samaniego et al., 1977; Ostensen, 1986; Pedrosa, 1986; Kikani and Pedrosa, 1991; Zhang and Ambastha, 1994; Zhang et al., 2010; Ju et al., 2011) . Raghavan et al. (1972) simplified second-order nonlinear partial differential equation by defining a pseudo-pressure function, and gave a numerical solution in a radial flow system. Samaniego et al. (1977) analysed rock and fluid pressure-sensitive by comparing pseudo-pressure solution considering pressuredependant permeability with pressure solution of conventional formation. Ostensen (1986) analysed the effects of pressure-sensitive permeability on production of the tight sandstone gas reservoirs. Pedrosa (1986) defined the permeability modulus to measure permeability changes with pressure, and obtained zero-order and first-order approximate analytical solutions for radial flow system in pressure-sensitive reservoirs by using the perturbation method. They also used pressure type curves to analyse a field example. Zhang and Ambastha (1994) gave a pressure solution in pressure-sensitive reservoirs with variable permeability modulus by using the numerical method. The pressure equations are solved numerically by finite difference method. The grid blocks in the radial direction are spaced in a geometric fashion. A fully-implicit method is used to generate the finite-difference form. The resulting system of equations is solved by the Newton method. Zhang et al. (2010) by introducing the permeability modulus presented a multi-zone radial composite reservoir mathematical model comprehensively considering the pressure-sensitive, wellbore storage and skin effects by using perturbation method and Laplace transform method. Ju et al. (2011) presented a theoretical model for describing the changes in the porosity and permeability with pore pressure in elastic porous media, and they obtained exact analytical solutions by travelling-wave transmission.
Only pressure-sensitive effect was considered into mathematical models above, however, slippage effect which can't be ignored in gas reservoirs was not taken into account. In low-permeability gas reservoirs, the mean free path of gas molecules may be comparable to or larger than the average effective rock pore-throat radius, causing the gas molecules to 'slip' along pore surfaces (Clarkson et al., 2012) . Gas slippage in porous media and its effect on permeability was first addressed by Klinkenberg (1941) . He proposed an equation which was a nonlinear function of pore pressure. Subsequent decades, many authors have studied the slippage effect in the laboratory (Heid et al., 1950; Jones and Owens, 1980; Sampath and Keighin, 1982; Florence et al., 2007; Civan, 2010) . In a word, stress-sensitive and slippage effects have become two main factors in the study of tight gas reservoirs. The main objective of this article is to establish a mathematical model for fractured gas wells under stress-sensitive and slippage effects. A new method was developed to solve gas nonlinear problems. Semi-analytical solutions were presented for the first time through using pseudo-pressure function and numerical convolution methods. Based on the presented solutions, type curves were constructed to analyse the effects of parameters on their shape and location.
Theory

Pressure-sensitive and slippage effects
In general, the permeability is a function of confining pressure, which obeys the effective stress law. The effective stress increases with reduced pore pressure, therefore, porous medium becomes compact, reducing the permeability. The effective stress law can be expressed as (Pedrosa, 1986) 
where σ e is the rock effective stress, σ is the rock stress, p is the pore pressure, α is a parameter depending on the mechanical properties of the rock and the geometry of the rock grains. It is generally taken to be unity. Let σ = p i , equation (1) could be rewritten as
For deformable porous media, the permeability is a function of effective stress loaded on it, that is ( ) ( )
The specific form of equation (3) could be given by introducing the concept of permeability modulus, which is similar to compression factor (Pedrosa, 1986) and is defined as follows:
Equation (4) can be expressed as follows by separation of variables and integral:
γ is a constant and equation (5) shows the permeability varies exponentially with pore pressure, which could be found in Figure 1 from core experimental data (Pedrosa, 1986) . On the other hand, the mean free path of gas molecules may be comparable to or larger than the average effective rock pore-throat radius, which causes the gas molecules to 'slip' along pore surface. Generally speaking, the apparent gas permeability is higher than the liquid permeability through the same porous media. Klinkenberg (1941) has presented a correlation for correcting gas permeability and the equation can be given as
where k ∞ is the equivalent liquid permeability, and b k is Klinkenberg's slippage factor, which was proposed by Jones and Owens (1980) based on the study of more than 100 tight gas sand core samples from five US formations. The proposed correlation for their data can be given as
12.639
Therefore, if both the pressure-sensitive effect and slippage effect were taken into account at the same time, the following correlation would be obtained through combining equations (5) and (6),
k t is defined as a combining permeability, which is expressed as follows (8) is simplified as the Klinkenberg equation as shown in equation (6). If b k = 0, then k 1 = k 2 = k i , so the equation (8) is simplified as equation (5). If γ ≠ 0 and b k ≠ 0, then k 1 = k ∞ and k 2 = k i , so the equation (8) is the equation, where both pressure sensitive and slippage effects are considered at the same time. Figure 2 shows the physical model assumed and the assumptions of this model are as follows.
Basic assumptions
1 A homogeneous, isotropic, horizontal, slap gas reservoir is bounded by an upper and a lower impermeable stratum. The gas reservoir has uniform thickness, h, and porosity, φ, which do not change with pore pressure.
2 The gas reservoir contains a slightly compressible fluid of compressibility, c g , and viscosity, µ g , which changes with pore pressure p.
3 The fluid is produced through a vertically fractured well intersected by a fully penetrating, finite-conductivity fracture of half length, x f , width, w, and porosity, φ f , which are constant.
4 Under pressure-sensitive and slippage effects, the gas reservoir permeability k g and fracture permeability, k f , changes with pore pressure p. 1988) , therefore, we can obtain solutions in Laplace domain through combining the equations (A12) to (A15), that is,
Formation model
Derivations of the fracture model are listed in detail in Appendix B. Using point sink integral to equation (B15), a single fracture solution can be expressed as
Substituting equation (11) into (10), it must have
Calculative method of ( ) g s is shown Appendix B.
Solution method
The fracture should be divided into n segments, the left side of equation (12) 
And the second-order integral of equation (12) can be also transformed as
In addition to the above expressions, by virtue of steady flow, we also have,
The unknowns q fDi (s) and M wD (s) can be obtained through combing equations (12) 
If substituting the solved Dw M into equation (16), we can obtain the solution including wellbore storage and skin effect. Concrete calculation procedure is shown in Figure 3 . Figure 4 shows the validation of presented numerical convolution method in Section 3.2 and the used data is listed in Table 2 . Firstly, δ(t D ) values are directly calculated under different t D values through using equation (B7). And then the points are transformed into Laplace space through using numerical convolution method shown in equation (B18), therefore, ( ) δ s values are obtained. Finally, ( ) δ s values are transformed into real space using Stehfest numerical algorithm, thus δ(t D ) values are regained. There is a good agreement between the direct calculative points and the points obtained using the numerical convolution method, which implies that numerical convolution method is accurate and could be used to solve the nonlinear problems in gas reservoir with pressure-sensitive and slippage effects. Table 2 Basic data 
Validation of numerical Laplace transform algorithm
Validation of solutions in this paper
Riley (1991) presented an analytical solution for fractured wells. To validate the solutions proposed in this paper, some data were utilised (Table 2) for comparing the solutions with those from Riley (1991) ( Figure 5 ). For the convenience of the comparison, we let pressure-sensitive coefficient γ D = 0 and the slippage coefficient b k = 0 in our model because the pressure sensitive and slippage effects are not considered into his model. As shown in Figure 5 , there is a good agreement between the solutions obtained in this work and the results from Riley. This might indicates that previous models are special cases of our models and also implies that our model is validated accurately. Figure 6 showed the effects of different parameters on type curves including pressuresensitive coefficient γ D , slippage coefficient b k , fracture conductivity C fD , wellbore storage coefficient C D , and fracture skin factor S k . All the curves are divided into four stages, i.e., 1 wellbore storage region 2 transition flow region 3 fracture linear flow 4 radial flow region.
Influence of the parameters on type curves
Figure 6
The effect of parameters on the shape of type curves, (a) the effect of pressure-sensitive coefficient γ D on the shape of type curves (b) the effect of slippage coefficient on the shape of type curves (c) the effect of both pressure sensitivity and slippage on type curves (d) the effect of fracture conductivity C fD on type curves (e) the effect of wellbore storage coefficient C D on the shape of type curves (f) the effect of fracture skin factor S k on the shape of type curves Pressure-sensitive coefficient γ D reflects the elastic essence in gas reservoirs, and a bigger pressure-sensitive coefficient shows strong elasticity. When γ D = 0, the pressure-sensitive is entirely ignored. In dimensionless pressure and derivative curves, a higher dimensionless pressure means a larger pressure depletion or additional pressure drop. Figure 6 (a) shows the effect of pressure-sensitive coefficient on type curves, and the slippage effect is not considered. From the figure, we can see that the curves agree with each other in early time and middle time. However, in the late time (radial flow region), the effect of pressure sensitivity on curve becomes more obvious. As shown in the figure, a bigger pressure-sensitive coefficient would cause bigger pressure depletion, which means the production is reduced in late time. So in the process of oil and gas development, the pressure-sensitive should try to avoid. The effect of only slippage on type curves is shown in Figure 6 (b), in which the pressure sensitivity is not considered. As shown in Figure 6 (b), pressure curve and its derivative curve with no slippage effect are parallel to the ones with slippage effect. This characteristic appears throughout all flow regions and the existence of the slippage effect will cause smaller pressure depletion because it makes the permeability become bigger. So the slippage effect is positive and helps production. In radial flow region, the derivative curve with no slippage will show 0.5 constant and the one with slippage effect will show 0.3 constant.
Figure 6(c) shows that the effect of both slippage and pressure-sensitivity on type curves and the same pressure sensitive coefficient γ D = 0.1. As shown in Figure 6 (c), pressure curve and its derivative curve with no slippage are always higher than the curves with slippage effect, which means that existence of slippage will reduce the pressure depletion and helps production. In wellbore storage and linear flow regions, the curves with no slippage effect are nearly parallel to the ones with slippage effect, but it doesn't appear in the radial flow region. We find that pressure curve and its derivative curve with no slippage effect become much higher than the curves with slippage in radial flow region, which indicates that in radial flow region, the effect of pressure-sensitivity on the curves with no slippage will be more serious. Therefore, existence of slippage effect will weaken the damage of pressure sensitivity on gas reservoirs.
Figure 6(d) shows the effects of the fracture conductivity C fD of 3.14 and 15.7 on type curves with the same pressure-sensitivity γ D = 0.1. In the transition and linear flow regions, a smaller C fD will lead to bigger pressure depletion as expected, which indicates fracture conductivity is important for effecting on production. However, in radial flow region, the curves are normalised, indicating that the fracture conductivity is not affecting the pressure-sensitivity. In the hydraulic fracturing design, to enhance well production and reduce pressure depletion, it is necessary to keep suitable fracture conductivity.
Figure 6(e) shows the effects of the wellbore storage coefficient C D of 10 -2 and 10 -3 on type curves with the same pressure-sensitivity γ D = 0.1. It can be found that a bigger C D will cause bigger pressure depletion and makes time of the linear flow become shorter. In radial flow region, pressure derivative curves are not normalised, which means that wellbore storage will affect the pressure sensitivity and this effect will be more and more serious when the time becomes much longer. Figure 6 (f) shows the effects of the fracture skin factor S k of 0 and 1.5 on type curves with the same pressure-sensitivity γ D = 0.1. It can be found that a bigger S k will cause bigger pressure depletion and makes the curve of transition flow region convex upward. In linear flow region, pressure derivative curve doesn't show a bigger slope than 1/2 slope straight line, and in radial flow region the effect of fracture skin factor on pressure sensitivity becomes stronger as the time increases, which means the pressure sensitivity can be affected seriously by fracture skin factor.
Influencing factors on pore pressure
The effects of parameters on pore pressure behaviour are analysed including fracture conductivity, gas reservoir porosity, pressure-sensitive coefficient, slippage coefficient, gas initial permeability and fracture half length. The data of parameters used in this paper were listed in Table 2 .
Results were presented in Figure 7 , where both slippage and pressure-sensitivity were taken into account.
1 Figure 7 (a) showed the effects of fracture conductivity on pore pressure indicating that a a bigger C fD value represents a strong flow capacity for fluids in the fracture and reservoirs b the pore pressure under different fracture conductivity parallel reduce c a smaller fracture conductivity will lead to bigger pressure depletion and the change of the curve becomes not obvious when C fD > 3.14.
2 The effects of the different porosity φ values (0.02, 0.1 and 0.2) on pore pressure were shown in Figure 7 (b). At the same time, the larger the porosity is, the higher the pore pressure will be. Moreover, in the early time all curves are almost normalised and as the time increases, all curves are almost parallel, indicating the rates of pressure drop are same for the different porosity values.
Figure 7
The effect of parameters on pore pressure behaviour were analysed in detail, (a) the effect of the fracture conductivity C fD on pore pressure (b) the effect of the different porosity values on pore pressure (c) the effect of pressure-sensitive coefficient γ D on pore pressure (d) the effect of slippage coefficient on pore pressure (e) the effect of the initial permeability on pore pressure (f) the effect of fracture half length x f on pore pressure
Conclusions
The following conclusions are derived from this article:
1 Comprehensive fracture flow model, formation flow model for fractured gas wells were successfully established, and the pressure-sensitive and slippage effects were considered in new models. Numerical convolution method was used to solve the gas nonlinear problems, and the presented method and solution were validated accurately in Section 4.1 and Section 4.2. b The existence of the slippage will cause smaller pressure depletion because it makes the permeability become bigger. So the slippage effect is positive and helps production.
c In the transition and linear flow regions, a smaller C fD will lead to bigger pressure depletion as expected, which indicates fracture conductivity is important for effecting on production.
d A bigger wellbore storage coefficient C D will cause bigger pressure depletion and makes time of the linear flow become shorter.
e A bigger skin factor S k will cause bigger pressure depletion and makes the curve of transition flow region convex upward.
4 Effects of parameters on pore pressure behaviour are discussed in details including gas reservoir porosity, gas initial permeability and fracture half length. The following points could be analysed from the calculative results.
a the larger the porosity is, the higher the pore pressure will be b the smaller the permeability k i is, the lower the pore pressure will be c a shorter fracture will lead to bigger pressure depletion.
During hydraulic fracturing design, it is necessary to coordinate these parameters so as to reduce the pressure depletion. 
